Anopheles gambiae s.s. is often identiÞed as the most important vector of malaria in Africa, and as such it has been the most extensively studied. It is the only malaria vector species whose genome sequence has been described in full (Holt et al. 2002 , and it has been the primary focus for genetic manipulation of refractoriness to malaria infection (Ito et al. 2002 , Kim et al. 2004 , Papathanos et al. 2009 ). Despite this attention, there is growing evidence that it is not this species, but its sister species Anopheles arabiensis Patton, that is increasingly responsible for malaria transmission in Africa. Recent reports indicate that in areas of high insecticide-treated net coverage, An. arabiensis may be replacing An. gambiae s.s as the dominant malaria vector (Lindblade et al. 2006 , Bayoh et al. 2010 . Consequently, the ecology, vector competence, and population genetics of this somewhat neglected vector merit particular attention in preparation for future vector control scenarios.
Genes involved in the mosquito immune system have been intensively studied in efforts to understand interactions between the malaria parasite and mosquito vector and to manipulate vectors to reduce malaria transmission (Morlais et al. 2004; Lim et al. 2005; Riehle et al. 2006; Obbard et al. 2007; Cohuet et al. 2008; Parmakelis et al. 2008 Parmakelis et al. , 2010 Zou et al. 2008; Cirimotich et al. 2010; Horton et al. 2010) . Genetic markers such as single-nucleotide polymorphisms (SNPs) located in or near immune genes can facilitate the identiÞcation of genes associated with resistance or refractoriness to Plasmodium infection and contribute to assessing the relative importance of ecological and genetic determinants of this phenotype.
Allelic variation and genetic differentiation among populations of An. arabiensis have been reported previously (Coluzzi et al. 1979 , Nyanjom et al. 2003 , Morlais et al. 2005 . For example, there is a remarkable amount of chromosome inversion polymorphism within An. arabiensis (Coluzzi et al. 1979) . Chromosome arrangements occur in An. gambiae s.s. and form the basis of the well known chromosomal forms (Coluzzi et al. 1985 , Toure et al. 1998 . Chromosomally deÞned An. gambiae s.s. subpopulations display associations with speciÞc habitats, as demon-strated by their distribution along ecological clines (Coluzzi et al. 1979 , Coluzzi et al. 1985 , Bayoh et al. 2001 . Similar inversion and ecological associations have been observed in An. arabiensis (Coluzzi et al. 1979) . Population genetics studies based on microsatellite analyses have likewise revealed a high degree of genetic variability in An. arabiensis, both on the large (African continent, Simard et al. 1999 ) and small geographic scales (Ͻ25 km, Donnelly et al. 1999 , Donnelly and Townson 2000 , Onyabe and Conn 2001 , Morlais et al. 2005 , Temu and Yan 2005 . These studies suggest the existence of genetically distinct subpopulations within An. arabiensis. It is well known that the presence of population structure can result in "spurious associations" between a phenotype and markers that are not linked to any causative loci (Lander and Schork 1994 , Ewens and Spielman 1995 , Pritchard and Rosenberg 1999 , Kang et al. 2008 ). This becomes a problem when these subpopulations are not recognized so that a sample being used in an association mapping study consists of a mixture of individuals originating from two or more cryptically diverged subpopulations.
We conducted a preliminary study of nucleotide variation in Þeld populations of An. arabiensis from Tanzania and Zambia at coding regions predicted from the An. gambiae genome as an attempt to develop SNP markers for high-throughput genotyping. These markers provide the opportunity to perform population genetic studies. Here, the results of investigating SNPs in natural populations of An. arabiensis are presented. We report on methods and pitfalls associated with developing SNPs based on sequence data across broad geographic regions and limitations of two commonly used SNP detection technologies.
Materials and Methods
Sample Collection. In Tanzania, adult females of An. arabiensis were collected from Mkamba (Ϫ8.0333 S, 37.7666 E) and Lupiro (Ϫ8.38333 S, 36.6667 E) by using CDC light traps set in different randomly selected houses for three consecutive nights from January to May in 2007. In Macha, Zambia (Ϫ16.387 S, 26 .792 E), adult females were collected using CDC light traps set in individual homes from January to March in 2008. Carcasses were stored in alcohol for subsequent DNA extraction. Genomic DNA was extracted using a DNeasy extraction kit (QIAGEN, Valencia, CA).
Species Diagnostic and Sequencing Analysis. The polymerase chain reaction (PCR) assay described by Scott et al. (1993) was used to identify members of the An. gambiae species complex. Eight samples of An. arabiensis were selected from Tanzania and up to 11 samples from Zambia for direct sequencing. We selected 20 genes of which isolate sequences from Cameroon were available on GenBank. These genes included CLIPA1, CLIPB8, CLIPB17, PPO9, REL1, SCRASP3, SCRB10, SRPN2, SRPN14, SRPN16, STAT1, TEP15, TOLL11, and seven other novel protein-encoding genes. Primers were designed for each gene fragment using Primer3 online tools (http:// frodo.wi.mit.edu/primer3/). Primer sequences and related information are provided in Table 1. PCR was carried out in 50-l reactions using 5Prime TaqDNA polymerase following the manufacturerÕs recommended thermal cycle protocols. PCR products were puriÞed using a QIAquick PCR puriÞcation kit or QIAquick Multiwell puriÞcation kit (QIAGEN). The puriÞed PCR amplimers were subjected to conventional post-PCR Sanger sequencing at the UC DNA Sequencing Facility (University of California, Davis, CA).
DnaSP version 5 (Librado and Rozas 2009) was used to identify haplotype sequences using Phase algorithm, to calculate nucleotide diversity, to perform TajimaÕs D statistics, and to estimate levels of gene ßow.
SNP Genotyping Assay Design. A list of SNPs with up to 100-bp ßanking sequence at each SNP position were sent to the technical support team at Illumina (San Diego, CA) to obtain design scores for each SNP. The design score that ranges from 0 to 1 is calculated using a proprietary algorithm developed by Illumina (http:// www.illumina.com/technology/goldengate_genotyping_ assay.ilmn) to give a metric of likelihood that an assay will succeed. A low-scoring SNP has higher chance of failing. We followed guidelines provided by Illumina to use a cutoff of 0.6 design score to select SNPs suitable for genotyping assay. The same list of SNPs, with the same ßanking sequences, was entered into the Typer version 4.0 (Sequenom; http://www.sequenom.com/home/ productsÑservices/genetic-analysis/applications/snpgenotyping-with-iplex-gold/) Assay Designer software to select SNPs suitable for iPLEX genotyping assay. We used the default preset for high-multiplexing setting, a setting that will search an assay suitable for genotyping up to 36 SNPs in a single reaction. Multiplex evaluation takes into account various aspects such as false priming potential, primer-dimer potential, amplicon length variation, PCR primer melting temperature variation, and self-priming potential. If an SNP has an overall conÞdence score exceeding the default threshold (ϭ0.4), primers are designed and their sequences are provided in the Typer output.
Results
Sequence polymorphism in the 20 genesÑthree genes on the X chromosome, four genes on the right arm of chromosome 2 (2R), Þve genes on the left arm of chromosome 2 (2L), four genes on 3R, and four genes on 3LÑwere included in this study (Table 2) . Isolate sequences from Tanzania and Zambia for these genes are available on GenBank, with accession numbers from JN011670 to JN011935. Seven are novel protein-encoding genes and the remaining 13 correspond to an exon and two to known protein coding genes. AGAP000574, SCRASP3, and CLIPB8 include an intron sequence between two exons.
We obtained 301 SNPs in total from 20 gene fragments, 60 of which were qualiÞed for the GoldenGate A greater number of SNPs (n ϭ 185) was qualiÞed for the Sequenom iPLEX assay (Sequenom; Jurinke et al. 2001 , Gabriel et al. 2009 ), an alternative highthroughput genotyping technology using mass spectrometry. Out of 60 qualiÞed SNPs, 11 were suitable for the GoldenGate assay only. SNPs that were unsuitable for GoldenGate but qualiÞed for iPLEX assay were as many as 126. Forty-nine SNPs were qualiÞed for both genotyping assay. Design Scores for each SNP for each genotyping platform is provided in Supp Table 2 (online only).
The number of segregating sites varies from three to 20 per gene fragment. The mean number of segregating sites was 11.9 Ϯ 5.2, and the median was 13. AGAP000193 contained the fewest SNPs (three in a 634-bp fragment). AGAP000574, AGAP001764, AGAP007050, AGAP008687, CLIPB8, CLIPB17, SRPN2, and TEP15 were among the most polymorphic regions (see SNP density in Table 2 ). We observed Ϸ12 segregating sites per gene fragment that varied in length from 355 to 634; this is equivalent to an SNP every 59 Ϯ 44.5 bp on average. DNA polymorphism statistics for 20 genes is summarized in Table 2 . Note that the numbers of synonymous, nonsynonymous, and noncoding silent mutations were based on the exons reported in the An. gambiae s.s. genome. The actual number of synonymous and nonsynonymous mutations may change if An. arabiensis has different reading frames from An. gambiae s.s.
Genetic polymorphism data are missing for eight genes (AGAP001764, AGAP004978, AGAP006911, AGAP007050, AGAP009515, AGAP010423, AGAP010481, and AGAP011186) for the Zambia specimens, and data for the gene AGAP011791 are missing for Tanzania specimens. This is due to unsuccessful ampliÞcation of PCR product. We tried several variations of primer binding sites, but our attempts to develop a method to amplify these genes in the aforementioned samples was unfruitful. None of the TajimaÕs D values shown in Table 2 were statistically signiÞcant (P Ͼ 0.05 after multiple comparison adjustment), suggesting that these gene fragments are selectively neutral.
Of the 20 genes sequenced, two genes on the X chromosome (AGAP000193 and AGAP000574), two genes on chromosome 2R (AGAP001764 and SCRASP3), and one gene on chromosome 2L (PPO9) showed signiÞcant genetic divergence among populations of An. arabiensis between East/southern (Tanzania and Zambia) and Central (Cameroon) Africa.
In addition to SNPs, other sequence variations such as microsatellite DNA were observed. The An. gambiae s.s. genome sequence of SCRB10 has two repeats of TGT motif. A sample with three repeats was found in the heterozygous state in Zambia. In the intron sequence between exon 1 and exon 2 of the AGAP000574 gene, the An. gambiae genome sequence showed nine repeats of GC motif. An. arabiensis sequences typically had two repeats of GC, but a sample with eight repeats also was observed in Tanzania in the homozygous state. In the intron sequence between exon 8 and 9 of SCRASP3, the An. gambiae s.s. genome sequence has Þve repeats of AC; this is also the most common form in An. arabiensis. Zambian specimens included two samples with four repeats in the heterozygous state.
Exon 1 of the SRPN16 gene typically has one repeat of TGAGCTCG motif for most of the An. arabiensis specimens we analyzed. A sample from Tanzania was homozygous for two repeats. Exon 2 of AGAP006632 had a 22-bp nucleotide deletion (GAATACCAC-CGAGATCGAGAAG) in all An. arabiensis samples, in comparison with the An. gambiae s.s. genome sequence. These changes in coding regions may alter mRNA sequence and alter the phenotype of mosquitoes.
We compared sequence variation from Tanzania and Zambia with the publicly available sequences of An. arabiensis isolates from Cameroon. Up to 11 isolate sequences are available for each gene fragment, and the DNA polymorphism statistics for these isolate sequences are provided in Table 2 . SigniÞcant genetic differentiation within An. arabiensis was observed in Þve genesÑAGAP000193, AGAP000574, AGAP001764, SCRASP3, and PPO9 (P Ͻ 0.0016; DnaSP gene ßow test). Genetic distance was the smallest between Tanzania and Zambia (mean F ST ϭ 0.069). Mean F ST between Cameroon and Tanzania was 0.447, and mean F ST between Cameroon and Zambia was 0.568. In particular, AGAP000574 and AGAP008687 have Þxed SNPs between East/southern Africa and Cameroon (Table 3) . Little genetic differentiation was observed on AGAP007050, AGAP010481, SRPN2, REL1, STAT1, and TOLL11, with F ST ranging from 0.025 to 0.111.
Discussion
Natural populations of An. gambiae s.l. have recently been found to have a much greater degree of polymorphism than previously reported. For example, the An. gambiae s.s. sequencing project reports that on average, an SNP occurs every 247 bp in the An. gambiae s.s. genome (data provided on Ensembl). Another study reports a SNP frequency of one every 125 coding base pairs in nuclear genome sequence obtained from a laboratory strain of An. gambiae (Morlais et al. 2004 ). The recently published genome sequence of M and S molecular form of An. gambiae s.s. indicates similar density of SNPs (Ϸ1 SNP every 130 bp, to the SNP density reported by Morlais et al. (2004) . The average density of SNPs in An. arabiensis on the 20 genes screened in this study was one every 59 bp, far exceeding previous reports. An. gambiae s.s. isolate sequences for the corresponding 20 genes also had similarly high SNP density (an SNP every 39 bp on average, Cohuet et al. 2008 ). This level of variation poses a challenge to high-throughput genotyping options for large scale genome studies in these mosquito vector species because of difÞculty in primer design.
We selected three to Þve genes from each chromosomal arms in an attempt to gather markers that cover the genome in a more or less unbiased manner. TajimaÕs D statistics indicates that all genes are selectively neutral, which suggests they are suitable as markers for population genetic studies. Some chromosome arms contained a higher density of informative SNPs than others as shown in Table 3 . All three genes screened on the X chromosome showed signiÞcant divergence between East/southern Africa and Cameroon. Three of four genes on the right arm of chromosome two also showed signiÞcant geographic divergence. Genes on the other chromosomal arms (2L, 3R, and 3L) showed relatively low levels of divergence. A full list of mutations and corresponding P values are provided in Supp Table 1 (online only) .
Our study highlights the fact that SNP variation tends to be very population speciÞc, so that patterns of SNP variability reported from a population in Central Africa are very different from patterns of variation in other geographic regions. Some loci were polymorphic in East/southern Africa and monomorphic in Central Africa or vice versa (Supp Table 1 [online only]). This implies that separate SNP discovery efforts are required if a research project takes places in a different geographic area, in this case Cameroon versus Tanzania and Zambia.
Three Þxed SNPs were identiÞed from two gene fragments: AGAP000574 on the X chromosome and AGAP008687 on the right arm of chromosome 3. Fixed polymorphism on 3R, however, should be considered with caution because only two isolate sequences from Cameroon are available for comparison. According to An. gambiae genome coordinates, these are not located in proximity to the chromosome 3 centromere that has been shown to have a higher density of diverged regions among populations of An. gambiae (Stump et al. 2005 , Turner et al. 2005 , Slotman et al. 2006 , Neafsey et al. 2010 . Sharakhov et al. (2002) have demonstrated that gene order shufßing can occur between An. gambiae and Anopheles funestus Giles. It is possible that Þxed inversion polymorphism on the X chromosome between An. gambiae and An. arabiensis (Coluzzi et al. 2002) may put AGAP000574 near the centromere of X in An. arabiensis rather than in the middle of the chromosome. Further genome sequencing and genome assembly effort for this species should resolve this question.
Among Þve microsatellites or multinucleotide scale mutations, three occurred in coding sequences. In particular, variation in AGAP006632 and AGAP009213 are expected to cause frame shifts in encoding amino acids. A study with a greater sample size may elucidate recombination, linkage disequilibrium, and selection pressure on the genetic variation we observed.
A greater number of SNPs were qualiÞed for Sequenom iPLEX (n ϭ 185) than Illumina GoldenGate assay (n ϭ 60). Each method has pros and cons. The Illumina GoldenGate assay uses two ßuorescence dyes to differentiate genotype of diallelic SNPs, whereas Sequenom iPLEX Assay uses mass differences of alleles due to the different molecular weight of each nucleotide. The GoldenGate assay can only genotype diallelic SNPs, whereas the iPLEX assay can assay triallelic SNPs. Although the GoldenGate assay will allow multiplex up to 3,072 SNPs in one well, the Sequenom iPLEX assay can only genotype a maximum of 36 SNPs per well. Thus, a set of SNPs that can be done in one reaction using GoldenGate assay may need a substantially greater amount of hands-on time for iPLEX assays. Because it is unlikely that one would genotype hundreds of SNPs from merely 20 gene frag- ments, the number of SNPs qualiÞed for genotyping should not deter users from using the GoldenGate assay platform. The choice would more likely depend on which method would allow genotyping of the particular choice of SNPs.
In conclusion, our Þeld isolate sequences combined with existing sequence data represent a good foundation for studying genetic polymorphism among An. arabiensis populations. SNP data from this study can facilitate the development of markers for population genetic studies of this medically important malaria vector. The signiÞcant levels of genetic differentiation we observed between East, southern, and Central Africa underscore this value.
